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Abstract: In this paper, we explore the benefits of using a magnetostrictive component in a variable
reluctance energy harvester. The intrinsic magnetic field bias and the possibility to utilize magnetic
force to achieve pre-stress leads to a synergetic combination between this type of energy harvester
and magnetostriction. The proposed energy harvester system, to evaluate the concept, consists of a
magnetostrictive cantilever beam with a cubic magnet as proof mass. Galfenol, Fe81.6Ga18.4, is used
to implement magnetostriction. Variable reluctance is achieved by fixing the beam parallel to an
iron core, with some margin to create an air gap between the tip magnet and core. The mechanical
forces of the beam and the magnetic forces lead to a displaced equilibrium position of the beam
and thus a pre-stress. Two configurations of the energy harvester were evaluated and compared.
The initial configuration uses a simple beam of aluminum substrate and a layer of galfenol with an
additional magnet fixing the beam to the core. The modified design reduces the magnetic field bias
in the galfenol by replacing approximately half of the length of galfenol with aluminum and adds
a layer of soft magnetic material above the galfenol to further reduce the magnetic field bias. The
initial system was found to magnetically saturate the galfenol at equilibrium. This provided the
opportunity to compare two equivalent systems, with and without a significant magnetostrictive
effect on the output voltage. The resonance frequency tuning capability, from modifying the initial
distance of the air gap, is shown to be maintained for the modified configuration (140 Hz/mm), while
achieving RMS open-circuit coil voltages larger by a factor of two (2.4 V compared to 1.1 V). For a
theoretically optimal load, the RMS power was simulated to be 5.1 mW. Given the size of the energy
harvester (18.5 cm3) and the excitation acceleration (0.5 g), this results in a performance metric of
1.1 mW/cm3g2.

Keywords: vibration energy harvesting; electromagnetic; magnetostriction; galfenol; variable reluctance;
non-linear dynamics

1. Introduction

Energy harvesters provide a useful alternative to traditional sources of energy for
low-power electronics. The purpose of an energy harvester is to generate electrical power
by energy conversion from the local environment. While the source of energy is available,
the energy harvester generates power, excluding the need for bulky power wiring or bat-
tery replacement. This can enable increased cost effectiveness and/or energy efficiency
for current applications. Truly self-sufficient electronics can also rewrite certain design
requirements and make completely new applications possible, e.g., in the wearable elec-
tronics [1,2], IoT [3], automotive [4], medical implants [5] and railway [6] fields. Renewable
energies based on energy harvesting are key solutions for ‘green’ energy sources and for
sustainable IoT and WSN devices. This is seen in the roadmap and forecast [7] as well as in
the European Union R&D programs [8,9].
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This article will focus on addressing certain challenges for energy harvesters which
make use of the kinetic energy provided by vibrations. This type of energy harvester is
called a vibrational energy harvester (VEH). A number of different physical effects have to
date been utilized to convert movement to energy. These typically include piezoelectricity,
electrostatics, electromagnetic induction and triboelectricity [10–12]. In this article, we
focus on conversion by magnetic induction [13]. Such an energy harvester is often called
an electromagnetic energy harvester (EMEH). Most VEHs consist of a mass-spring-damper
system utilizing the resonance effect to increase the amount of power which can be extracted,
within a certain range of vibration frequency. As it is increasingly difficult to achieve a low
resonance frequency as the system size decreases, these systems are typically challenged in
achieving high performance under the condition of small size and low vibration frequency.

High performance in this regard refers to high output voltage, high output power and
large bandwidth in the frequency response. A high output voltage mitigates losses in the
signal processing circuitry. A high output power and wide bandwidth will improve the
VEH’s capability of enabling applications in general.

There are a number of methods, used in research, to overcome these challenges.
Multi-modal VEHs make use of multiple bending modes, each with an increasingly larger
resonance frequency, to increase the system bandwidth [14–19]. In non-resonant VEHs, the
moving mass is not connected to any type of spring. There is, in this case, no performance
peak at a certain frequency. However, this facilitates achieving greater performance at very
low frequencies, below 10 Hz, as well as a relatively large bandwidth in this region [20,21].
Nonlinear techniques can be used to modify the frequency range. Some examples of
these are based on implementing bi-stability, stoppers, spring non-linearity or non-linear
damping [22–26]. As described in [27], an EH operating at anti-resonance can benefit from
increased output voltage and input-to-output efficiency.

Another approach to increasing bandwidth is to implement resonance frequency
tuning. A number of techniques are described in the review by [28], which include sliding
mass, sliding fixed point, stiffness control (via, e.g., PZT patch), magnetic force modulation
(via, e.g., variable reluctance), etc. Other examples are using electrostatic force [29,30] or
pre-buckling [31,32].

Research on vibrational energy harvesting using magnetostrictive components stems
from the discovery of room-temperature giant magnetostrictive materials (such as Terfenol-
D [33] and later galfenol). The work by Flateu et al. [34] (with ship hull vibrations in mind)
provides an early example of galfenol use in vibrational energy harvesting. Since then, there
have been several publications on both magnetostrictive cantilever beam VEHs [35–38] and
magnetostrictive rod type VEHs [39,40]. The review by Dapino et al. from 2017 [41] gives
an overview of VEHs using different magnetostrictive materials in both rod and beam
configurations. Fumio et al. [42] published a review in 2018, including other transduction
types, providing an interesting comparison.

Ducharne et al. have in their research [43,44] evaluated and compared energy har-
vesting using various magnetostrictive materials. Their conclusion is that, given sufficient
magnetic biasing, Terfenol D and galfenol provide the best performance.

From 2019 to 2022, Rasilo et al. published several papers dealing with the modeling of
galfenol rods [45–49] and galfenol cantilever beam energy harvesting [50]. Thermodynamic
constitutive laws and an equivalent stress model are implemented within the finite element
modeling (FEM) simulation tool COMSOL, and a linearized small signal model is developed
and evaluated. The simulation results are shown to correspond well with measurements.

Similarly, Davino et al. published several papers describing and modeling magne-
tostrictive energy harvesters. Davino et al. primarily took an equivalent circuit approach
to develop a (non-linear) model for the VEH voltage and power output. In [51], such a
model is implemented in COMSOL. Following the equivalent circuit approach, Davino et al.
explored circuit designs with active control to maximize the converted voltage and power
(i.e., the rectified and voltage converted signal) [52–54]. Davino also provides an example
of utilizing magnetostriction for energy harvesting in a vehicle suspension system [55].
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In this work, we build upon the concept of a variable reluctance EH, as described
in [25]. The EH comprises a magnetic circuit, including a variable air gap. The components
making up the path to one side of the gap are essentially rigid, while the components for the
“return” path have significant elasticity. Both paths are connected at one end and separated
at the other by an air gap. In this way, the gap size is coupled to external vibrations.
Given the harmonic vibrations of the EH, the dynamic oscillation of the elastic components,
relative to the static parts, will depend on material properties (elasticity and mechanical
damping), mass and magnetic forces acting to close the air gap. It is vital that the reluctance
of the air gap is significant compared to the reluctance of the total magnetic circuit; any
additional static reluctance will decrease performance. An important benefit to using this
method is that the induced voltage is not only a function of the vibration rate, but also of
the area of the air gap.

In this work, we will explore the effect of adding additional magneto-mechanical
coupling through magnetostriction. We provide a proof of concept for a novel energy
harvesting mechanism, synergistically combining magnetostriction with variable reluctance
in an electromagnetic energy harvester to increase power output without significantly
increasing the size of the energy harvester.

The aim of this paper consists of two parts. First, to provide experimental data and
equivalent simulated data (based on FEM, with a model equivalent to the VEH under mea-
surement). Second, to use the FEM to find a solution closer to optimum. The scope consists
of describing the experimental setup, procedure and results; describing the simulation
model and results; discussing the results based on comparisons and drawing conclusions
from the results and discussions. Deriving an analytical solution, which would be less
accurate than FEM simulations yet less computationally heavy, may provide additional
insights but is outside the scope of this paper.

In this paper, we will give a detailed description of the proposed energy harvester
design (Section 2.1) and its working principles (Section 2.2). We describe the tools used
to evaluate these principles, in the form of a simulation model (Section 2.3) and a cor-
responding prototype (Section 2.4). The results gained from these tools are discussed
(Section 3.1) and compared with state-of-the-art energy harvesters (Section 3.2). In conclu-
sion, we summarize the key takeaways and briefly describe the next possible steps for this
specific research.

2. Experimental Methods
2.1. Magnetic Energy Harvester Design

To evaluate the proposed concept, a simple magnetic circuit including a bi-layer beam
is implemented. The primary components of the resulting VEH consist of a magnetic
core, magnets, coil, and magnetostrictive beam, configured as shown in Figure 1. The core
components are shown in gray and represent a material of high magnetic permeability.
Two magnets, oriented in a constructive manner, provide the necessary magnetic flux
in the air gap and magnetic biasing of the system [39]. A beam, consisting of one layer
of non-magnetic material and one layer of magnetostrictive material, acts as the elastic
part of the system. One of the magnets, placed at the end of the beam, acts also as proof
mass. The magnetostrictive material is on the “bottom” side of the beam (shown as purple
in Figure 1).

Either one large coil or two differentially coupled coils can be used (an example of the
latter is given in Figure 1). The dimensions of the core components can be reduced under
the condition that the stiffness is large, and the magnetic reluctance of the air gap is still
significant. The optimal thickness and length of the beam layers depend on the intended
use. The neutral axis of the beam should always be in the substrate region, or else the
magnetostrictive layer will experience tension and compression simultaneously, leading to
a canceling effect.
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Figure 1. Cross-section of the proposed energy harvester design, with iron core (gray), neodymium
magnets (blue/red), aluminum substrate (green) and galfenol magnetostrictive layer (purple). Iron
core components are numbered, 1 to 6, and are referred to in the main text.

2.2. Concept Theory

As described in [25], The VEH will have a stable equilibrium state, resulting from the
attractive force in the air gap and the restoring force from the elastic components. The total
restoring force is the difference between these two forces. The attractive magnetic force has
a non-linear square dependency [56] on the flux in the air gap while the mechanical spring
force from the elastic components is linear (for small displacement). For ease of description,
we have added Figure 2, which shows the relevant features of linear curves intersecting a
square curve. The three linear curves in Figure 2 represent the restoring mechanical spring
force for three, decreasing, initial air gap distances, i.e., the air gap size when the beam is
horizontal. Using Figure 2 as a simplified example, stable equilibrium states are obtained
at the points marked by dots. Unstable equilibria are marked by arrows. The equilibrium
state can be adjusted by modifying the initial distance of the air gap. As this initial distance
is decreased, the linear curve in Figure 2 moves to the left and the point of stable equilibria
is found at a smaller air gap distance. As the system experiences a harmonic external force
excitation, the beam will oscillate around its stable equilibrium.
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Figure 2. Hypothetical linear and square-dependent forces representing an ideal version of the system
described in this work. Dashed lines correspond to the mechanical spring force at three different
initial air gaps. The solid line corresponds to the magnetic force. Dots represent stable equilibria and
arrows represent unstable equilibria.
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The total restoring force experienced by the proof mass, while oscillating, will differ
depending on the equilibrium state, leading to differences in frequency response. The
closer the linear spring force tangents of the square magnetic force, the smaller the restoring
force becomes, thus leading to a lower resonance frequency. This comes at the cost of a
smaller oscillation allowed before the magnetic force dominates (i.e., the point indicated by
an arrow is passed) and the air gap is permanently closed.

In this work, we include the effects from magnetostriction, which lead to altered
magnetization [57] due to strain (Villari effect), and mechanical strain due to magnetization
(Joule effect). The Villari effect can in this case make it possible to achieve larger time
variations in the magnetic field (in the region of the magnetostrictive material) as the beam
oscillates, while the Joule effect can have a beneficial effect on the beam displacement.

We choose to use galfenol as magnetostrictive material, as its favorable characteris-
tics [34,39] have made it a common choice for use in vibration energy harvesters making
use of magnetostriction. Galfenol has the benefit of having a significant magnetostriction
(λs~200 ppm) and being easy to machine (as it is ductile). A layer of galfenol is in this case
glued to the elastic beam. The magnetostriction constant for galfenol is positive [57,58],
which results in an increase in magnetization with positive stress (tension) and an increase
in strain with an applied magnetic field. For this reason, the magnetostrictive layer of the
beam is on the bottom side, which experiences tension when the air gap decreases.

As mentioned, the magnets provide a magnetic field bias for the system. Both a
magnetic field and stress bias are required for an optimal performance of magnetostrictive
components. As can be seen from the magnetization and strain vs. applied magnetic
field curves in [57,59], for a certain pre-stress, there is a region of the applied magnetic
field that has the largest variation in strain and magnetization. For the concept described
here, it is beneficial if the magnetic field variations, in the magnetostrictive component,
resulting from the varying reluctance of the air gap, are within this region of maximum
strain/magnetization variation. Similarly, depending on the magnetic field bias point, there
is a pre-stress which allows for the largest variation in magnetization and strain. In this
case, the variable reluctance concept, utilizing an air gap, leads to a displaced beam at
equilibrium and thus provides a stress bias in the magnetostrictive component.

2.3. FEM Model

In this work, we use a finite element modeling tool (COMSOL Multiphysics 6.2), with a
geometry equivalent to Figure 1 and suitably chosen material properties (Table 1). COMSOL
includes the necessary physics modules to account for stress, strain, magnetic fields and
resulting forces as well as the effect of magnetostriction (both Joule and Villari effects). To
reduce computation time, we use a 2D model (2D modeling of a magnetostrictive beam
has been shown to be sufficiently accurate, compared to 3D modeling [35]). Magnetic flux
is in this case only in-plane and induced currents (eddy currents) are only out-of-plane. A
global out-of-plane thickness is specified in the software, thus allowing cross-sectional flux
and accompanying forces to be calculated.

Table 1. Material properties used in COMSOL. Definitions: E = Young’s modulus, MS = magnetization
saturation, σ = electrical conductivity, ρ = density, λS = saturation magnetostriction, and N/A = not
applicable with this specific COMSOL model.

Material Parameter Fe Neodymium FeGa Al

E [GPa] 200 70 60 70

MS [MA/m] 1.91 N/A 1.5 N/A

λS [ppm] N/A N/A 200 N/A

ρ [kg/m3] 7850 7520 7870 2700

σ [MS/m] 10.15 N/A 5.96 N/A
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Material-dependent B-H curves are used when modeling the magnetic fields within
the core components. The magnets are modeled with a remanent flux density of 1.18 T.
The magnetic field in the magnetostrictive component is modeled non-linearly using the
Langevin function [60] of an effective magnetic field, which is the sum of the applied
magnetic field and the magnetic field due to stress in the magnetostrictive material. The
material properties used in the model are based on soft magnetic steel for the core com-
ponents, neodymium for the magnets, aluminum for the substrate and galfenol for the
magnetostrictive component. Mechanical damping is included as Rayleigh damping, with
mass damping assumed to be negligible [50] and a stiffness damping of 10−5, correspond-
ing to a damping ratio of 0.0081. The electrical conductivity of the core corresponds to
that of iron, allowing for eddy currents. These currents reduce performance by creating
a counteracting magnetic field and damping of the system [60]. These effects are small
for low frequencies and can typically be significantly mitigated using laminated cores.
Numerical damping, resulting from the FEM time-stepping algorithm, is minimized by
choosing the generalized α method and setting “α” to 0.97.

The key output from the FEM simulations is the frequency response of the energy
harvester, with regard to open-circuit coil voltage. Although the simulation is carried out in
2D, the expected coil voltage can be estimated from the derivative of the flux. The flux used
for the voltage calculation is the average of flux in a 10 mm × 10 mm × 10 mm region of the
core, close to the air gap. As the output is assumed to be non-linear, a frequency domain
simulation cannot be used. Instead, time domain simulations are performed for a number
of frequencies in the region of interest. Each simulation corresponds to 60 oscillations of
the system. To exclude any initial transient behavior, we use only the second half of the
time domain data, from which the RMS voltage for each frequency is determined.

2.4. Prototype and Measurement Setup

The design of the prototype is based on the same components and geometry as shown
in Figure 1. The core components are made of soft magnetic steel (cold drawn s235jr), the
beam substrate is aluminum, the magnets are made of neodymium (energy grade N36)
and the magnetostrictive material is galfenol (Fe81.6Ga18.4). Additionally, a shaker fixture,
coil bobbins and a fixture to hold the bobbins are 3D-printed in polyamide (PA2200). The
coil bobbins are wound with 0.1 mm copper wire, with 3200 turns. The dimensions of the
magnets are 10 mm × 10 mm × 10 mm. The core components all have the same cross-
sectional dimensions of 10 mm × 10 mm. To simplify the explanation, we have numbered
each of the separate core components in Figure 1. Parts 3–5 are identical, with a height
of 2.5 mm, and are glued to the magnets. Parts 2 and 6 are exchangeable and have been
fabricated with various heights, from 1.5 mm to 4 mm. The length of part 1 is 53 mm. The
lengths of the substrate and magnetostrictive beam are also 53 mm. Each layer of the beam
is 1 mm thick, i.e., the beam’s total thickness is 2 mm. The beam components are glued
together (with a very thin layer of liquid metal). Threaded, and non-threaded, holes allow
for all parts to be screwed together. The screws used are magnetic, yet their permeability
is unknown. The coil bobbins are glued to a fixture which fits tightly around core part 1.
Figure 3 shows the manner in which the components are assembled (Figure 3a) and the
assembled prototype (Figure 3b). An overview of the VEH properties is given in Table 2.

Two M5 screws are used to fix the energy harvester to the shaker fixture and a single
M5 fixes the shaker fixture to the shaker. The fixture-to-shaker mounting hole is extended
in one direction to allow for balancing of the system.

The hardware for the measurement setup consists of a shaker (2007E, Modal Shop,
Cincinnati, OH, USA), Laser Doppler Vibrometer (LDV, OFV 056, Polytec, Waldbronn,
Germany), controllable current source, digital oscilloscope, waveform generator (Analog
Discovery 3, AD3, Digilent, Pullman, WA, USA) and laptop. The current source, which
drives the shaker, is controlled by a waveform from the AD3. The LDV measures the
velocity at a position on the energy harvester. The measured velocity is output as a voltage
signal from the LDV, which is measured by the AD3. The output from the induction coil
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is also measured by the AD3 on a high impedance (1 MΩ) input, thus resulting in the
open-circuit voltage of the energy harvester.
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Table 2. Prototype physical properties.

Material Parameter

Proof mass 10 g

Coil wire SWG 42

Coil windings 3200

Coil resistance (measured) 427 Ω

Coil inductance (theoretical) 185 mH

Size, incl. 1 coil bobbin 18.5 cm3

Perm. magnet remanence 1.18 T

The measurement procedure consists of driving the shaker over a range of frequencies
while measuring the LDV output. A script is implemented with the software (WaveForms
3.21.3) running the AD3, which converts the LDV signal to an equivalent acceleration
value and modulates the amplitude of the driving signal (to current source), ensuring that
the measured acceleration is constant over the frequency range. The base acceleration
amplitude is ensured to be 0.5 g (±1%) for all frequencies.

If the system is unbalanced on the shaker, it will lead to unpredictable behavior of the
measured frequency response and control signal; in part due to this, the LDV measures
only at a single point. To determine if this is the case or not, an additional component was
added which allowed for the velocity of the shaker fixture to be measured along its longest
dimension. If the measured velocity is essentially the same for all measurement points
along this dimension (for a set of frequencies in the relevant range), then it is assumed to
be balanced.

A series of frequency sweeps were performed, each with a different configuration
of the energy harvester. For each sweep, the thickness of core part 6 (see Figure 1) was
increased (replacing the part with a corresponding yet thicker piece). The thickness of
the core parts is in increments of 0.5 mm. To allow for smaller increments, steel shims of
0.1 mm thickness were used. The thickness of part 2 was kept at 3.5 mm. This procedure was
repeated until the air gap force was too large, at which point the magnet was permanently
stuck to the core (unless manually removed). For ease of description, we use “β” as the
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term for the thickness of part 6 (see Figure 1). The initial air gap distance, in millimeters,
equals 6—β.

3. Results and Discussion
3.1. Comparing Measurements with Simulations

Figure 4 shows the simulated and measured frequency dependencies of the open-
circuit output voltage from a coil around the long core component (part 1 in Figure 1) of the
energy harvester. The simulated data also contain a set where the magnetostrictive effect is
removed by setting the saturation magnetostriction, λS, to 0. Both measured and simulated
data show resonance at approximately 195 Hz, at β = 3 mm. As β increases, the resonance
frequency decreases following the description in Section 2.2.
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Figure 4. RMS of the open-circuit coil voltage. Curves from right to left result from using an
increasingly thicker spacer, i.e., increasing β. (a) Simulated values. Circles and crosses are data points.
Solid lines correspond to using λS = 200 and dashed lines for λS = 0. (b) Measured on prototype. Dots
are data points. Lines are for visual aid.

For both measurements and simulations, β is increased from 3.0 mm in steps of
0.5 mm. Using β = 4.5 mm results in a permanently closed air gap at equilibrium for
both the lab prototype and simulation model. The last data set therefore corresponds to
the maximum β, which can be used before the air gap is permanently closed. We found
this maximum β to be 4.15 mm for the simulation model and 4.4 for the lab prototype. A
likely explanation for this difference is that the total system reluctance of the lab prototype
is larger than that of the simulation model (due to glue gaps). This would also explain
the smaller resonance frequency tuning in the measured data, as compared to simulated
frequency (see Figure 4a,b).

Both sets of data show a non-linear relationship between resonance frequency and β,
with the highest sensitivity at large β. Comparing the simulated frequency response, with
λS = 0 and λS = 200 ppm (Figure 4a), magnetostriction does not contribute to the voltage
amplitude, but increases the sensitivity of resonance frequency shift when decreasing the
air gap.

According to the simulated data of Figure 5b, most of the magnetostrictive material
is probably close to magnetic saturation (see MS for galfenol in Table 1). Comparing the
magnetic field data with the von Mises stress data of Figure 5a, only small coupling can be
seen. Thus, we conclude that the effect of magnetostriction is here primarily an additional
strain bias, which increases beam elasticity, an effect also known as the ∆E effect [61].
The additional strain also reduces the equilibrium air gap distance, which in turn further
reduces the resonance frequency (as described in Section 2.2).
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For large air gap distances (β = 3 mm and β = 3.5 mm), the measured and simulated
frequency responses fit well (see Figure 4a,b). As the air gap diminishes, the discrepancy
between measured and simulated data, with regard to resonance frequency, increases. We
assume the beams’ mechanical properties to be correctly modeled, i.e., that the natural
frequencies are essentially equal for both the modeled and measured system. As we do
not measure the material properties of the prototype, there is a possibility that the material
parameter values used in the COMSOL model differ from the physical prototype, leading to
different output characteristics. However, as the magnetostrictive material is magnetically
saturated in this case (see Figure 5b), the effect from errors in modeled magnetostrictive
properties should be small. Thus, the discrepancy is likely explained by a larger total
reluctance of the system (e.g., due to thick layers of glue), leading to smaller coupling
between the air gap distance and flux (and equivalently force).

The main point of this paper is however to determine if magnetostriction can have a
synergetic effect with the dynamics of the energy harvester. The equilibrium state of the
energy harvester should therefore correspond to a magnetic field bias, of the magnetostric-
tive part, that is far from saturation but still provides sufficient bias. To achieve this, an
alternative design (Figure 6) is evaluated through numerical simulation.
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Figure 6. Revised design. Compared to the original design, one magnet is removed, while the
neodymium magnet (blue/red) acting as proof mass remains. The beam composition consists
of cobalt steel Vacoflux 50 (light blue), galfenol (purple) and aluminum (green). The iron core
components (gray) are identical to the original design.
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Maintaining the overall design, the magnetic bias is reduced by removing one magnet
and replacing a portion of the magnetostrictive material with aluminum. A soft magnetic
material (cobalt steel Vacoflux 50, from the COMSOL materials library, in the light blue
region of Figure 6) is also used to further reduce the magnetic field within the magnetostric-
tive material. The thickness of the galfenol layer is here 1.2 mm. The total thickness of
the beam is maintained at 2 mm. From Figure 7b, it can be seen that the simulation now
gives a significantly lower magnetic bias in the magnetostrictive material. Comparing
the distribution of magnetization (Figure 7b) and stress (Figure 7a), the magnetization is
significantly higher in the region of larger stress. This indicates stronger dynamic coupling
between stress and the magnetic field as compared to the previous design. Figure 7c shows
the magnetization with saturation magnetostriction set to zero.
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(a) von Mises stress distributions. (b) Magnetization, λS = 200. (c) Magnetization, λS = 0.

For the new design, simulations showed the largest flux variations to be in the region
of the magnetostrictive component. Figure 8 shows the open-circuit coil voltages derived
from these flux variations. The variation in RMS voltage at resonance shows interesting
behavior as the air gap distance is decreased (i.e., increasing β). The RMS voltage increases
sharply between a β of 4.5 mm and 4.7 mm, from 1 V to 2.4 V (a factor of two of the
RMS voltage from the original design), where after there is a sharp decrease in voltage.
The reason for this behavior is not fully determined but it may be that the magnetic field
bias and pre-stress resulting from using a spacer thickness, β, of 4.7 mm is optimal for
this specific design. Overall, the RMS voltage at resonance is 50% larger compared to the
original design.

The optimum load (regarding power output) is typically defined as that which matches
the impedance of the VEH; this is not strictly correct [27] but is likely close to optimum. The

impedance matched load equals
√
(2π fexcL)2 + (RW)2, where L and RW are the inductance

and resistance of the coil. β = 4.7 mm; the excitation frequency, fexc, was 216 Hz; the
optimal load was 495 Ω, and the theoretically optimum RMS power was found to be
5.1 mW in simulation (assuming the load voltage is approx. half the open-circuit voltage
and rectification loss is neglected).
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Figure 8. RMS of the simulated open-circuit coil voltage for the modified design. Curves from right
to left result from increasing values of β. Circles, dots and crosses are data points. Lines are added as
visual aid. Solid lines correspond to using λS = 200 and dashed lines for λS = 0.

The flux variations in the core were found to be smaller (e.g., generating 0.8 V peak
at β = 4.8 mm) compared to the previous design. This is not unexpected as one magnet
is used instead of two, and a large portion of the magnetic materials in the beam are
replaced by aluminum in the new design, likely leading to less coupling between the beam
displacement and flux in the core.

The tuning sensitivity is comparable with the initial design. For the modified design,
the tuning sensitivity is on average 140 Hz/mm in the range of β from 4.75 mm to 4.95 mm.
For the initial design, it is 160 Hz/mm in the range of β from 4.0 mm to 4.15 mm. As for the
initial design, the results using λS = 0 show less tunability. As there is no magnetostriction,
the voltage amplitude is expected to be low.

From Figure 9, the non-linear behavior of the output voltage can be seen. For
β > 4.7 mm, the non-linearity decreases, and the curve gradually becomes more sinusoidal.
The curves closely resemble those shown by Deng et al. [35] for cantilever magnetostrictive
beams of varying composition and damping.
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An optimal magnetostrictive effect is generally achieved for a certain magnetization
bias and pre-stress [39,62,63]. For the energy harvester designs described in this work,
magnetization bias and pre-stress are coupled by the air gap distance, reluctance and force.
Thus, optimization with regard to the magnetostrictive effect is a complex process which
is not attempted here. As described, measures were taken to reduce magnetic bias. From
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the simulations, it was determined that only removing either magnet was insufficient in
reducing the magnetic field bias in the magnetostrictive component to reasonable levels.
Removing one magnet and using a shorter segment of galfenol (less than half the original
length) also did not solve the issue.

To find the optimal design, a number of geometry and material properties must be
considered, such as magnet energy grade, thickness, length and material type of the beam
components and the dimension of the core components. As an example, an increase of
0.8 V in output voltage (RMS) was noted when decreasing the length magnetostrictive
component by 1 mm (β = 4.8 mm).

An intrinsic flaw in the design of this energy harvester is the magnets themselves,
as they introduce a large reluctance. A large total system reluctance will result in a small
relative change in reluctance due to the air gap variations, and thus small variations in flux
and induced voltage amplitude.

We determine the composite beam’s mechanical properties by running a simulation
with an initial transient and free oscillations thereafter. Magnetic fields and magnetostric-
tion are in this case deactivated. Applying the logarithmic decrement method, we find the
damping ratios to be 0.0081 and 0.0088 for the two designs described above. From the same
simulations, the natural frequency is found to be 227 Hz for the design in Figure 1 and
273 Hz for the design in Figure 7.

The effects of hysteresis are inherently included in the measurement data. The similar-
ity between simulated and measured curves in Figure 4 indicates that magnetic hysteresis
has a minor effect in our case.

3.2. Comparison to State of the Art

Comparing vibrational energy harvesters is a complex task as many different param-
eters must be considered relative to a specific application area. For a comparison to be
relevant, size, weight, considered frequency range, excitation acceleration, displacement
range and complexity should be comparable.

Based on a set of 21 articles (sum of reviewed articles in [28,64]), the highest relative
resonance frequency tunability achieved was 112% [65] (defined as the natural frequency
divided by the tuning range), but with only relatively low power (µW range). The tuning
is mechanical and the necessary travel distance to produce the acquired tunability is large,
34 mm in total and 2.8 Hz/mm on average, leading to a bulky tuning system. In [66], a
similar tunability is achieved but at magnitudes of larger power (mW range). The required
travel distance is again mechanical and still large, 13 mm in total and 1 Hz/mm on average.
A similar example can be found in [67].

Feng et al. [29] apply tuning via electrostatic force, allowing for compact design. Both
tunability and power are relatively low. Bjurström et al. [25] show a theoretically high
mechanical tuning sensitivity (420 Hz/mm on average) but with output power still in the
µW range (for low acceleration).

4. Conclusions

The use of magnetostriction synergistically combines with variable reluctance en-
ergy harvesters by making use of the intrinsic magnetic field bias and pre-stress and
producing a larger output voltage than would otherwise have been possible. We compare
two equivalent variable reluctance VEHs, with and without significant magnetostriction,
and find comparable tunability but potentially larger RMS voltages by a factor of two for
the system utilizing magnetostriction.

The simulation results in this work show a moderate mechanical tuning sensitivity
(140 Hz/mm) and relatively high-power output (5.1 mW) achieved at a low base accelera-
tion (0.5 g). Coupled with a relatively small size, the commonly used metric mW/cm3g2

is at a reasonable level of 1.1. The short beam length and light proof mass lead to rela-
tively large resonance frequencies and thus low tunability relative to the natural frequency.
Optimization of the geometry, coils and material choice can likely improve performance.
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The increase in RMS voltage at β = 4.6 mm and 4.7 mm is indicative of a local
optimum, likely regarding magnetic field bias and pre-stress, although this requires
further investigation.

Although the geometry and design are not optimized regarding power, the achieved
performance is promising, and merits continued development using magnetostriction in
unison with variable reluctance energy harvesters.

The next step in this research is to develop a more efficient numerical solver based
on a lumped mechanical and equivalent electric circuit model. This would enable a
rigorous search of a large parameter space and provide insight into the key factors for an
optimal design.
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